1. Introduction {#sec1-foods-08-00176}
===============

A food coloring is a dye, pigment, or substance that, when added to food, drugs, or cosmetics, is able to provide color. The Food and Drugs Administration (FDA) is responsible for regulating dyes to assure their safety. Dyes are classified on the basis of their necessity of certification. According to the FDA, dyes are used to confer color to food that has lost it and to improve the color or provide it to uncolored food to make it attractive \[[@B1-foods-08-00176]\].

A food additive is defined as "any substance not normally consumed as food by itself and not normally used as a typical ingredient of food, whether or not it has nutritive value, the intentional addition of which to food for a technological (including organoleptic) purpose in the manufacture, processing, preparation, treatment, packing, packaging, transport, or holding of such food results, or may be reasonably expected to result (directly or indirectly), in it or its by-products becoming a component or otherwise affecting the characteristics of such food" \[[@B2-foods-08-00176]\].

Additives are found in many types of food that we often consume not knowing that they are present, so it is very important to study the biological consequences of using food coloring. Moreover, because of the well-known relationship between diet and health and the increasing awareness of people about their quality of life, a great deal of studies have been performed to determine which dyes may be harmful for health, promoting, for instance, childhood hyperactivity, urticaria, asthma \[[@B3-foods-08-00176]\], and rhinitis \[[@B4-foods-08-00176]\]. Information about the most consumed food coloring is reported below:Riboflavin (E-101) is part of the vitamin B group. It is a yellow-orange solid substance with poor solubility in water. This food coloring is present in a wide range of foods, with liver, milk, meat, and fish being the most important sources \[[@B5-foods-08-00176]\]. Riboflavin can be obtained by controlled fermentation using a genetically modified strain of *Bacillus subtilis* or the fungus *Ashbya gossypii* \[[@B6-foods-08-00176]\]. Riboflavin was evaluated by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) in 1969, which established an acceptable daily intake (ADI) of 0.5 mg/kg·body weight (bw)/day on the basis of limited data \[[@B5-foods-08-00176]\]. No adverse toxic, genotoxic, cytotoxic, or allergic effects have been related to Riboflavin in different organisms \[[@B7-foods-08-00176],[@B8-foods-08-00176]\].Tartrazine (E-102) is a synthetic lemon-yellow azo dye primarily used as a food coloring. Its presence is allowed in various foodstuffs and beverages \[[@B9-foods-08-00176]\]. Both the JECFA and the EU Scientific Committee for Food (SCF) established an ADI of 7.5 mg/kg·bw/day in 1996 \[[@B10-foods-08-00176]\]. Controversial studies about the effects of Tartrazine on health have been reported. The most adverse effects have been related to DNA damage \[[@B11-foods-08-00176]\], hyperactivity \[[@B12-foods-08-00176]\], changes in the central nervous system \[[@B13-foods-08-00176]\], and allergic reactions \[[@B14-foods-08-00176],[@B15-foods-08-00176],[@B16-foods-08-00176],[@B17-foods-08-00176],[@B18-foods-08-00176]\].Carminic Acid (E-120) is a natural red colorant which comes from *Datylopius coccus*, an insect which lives on *Opuntia coccinellifer*. In order to obtain this dye, it is necessary to dry and spray the body of pregnant females of these insects \[[@B19-foods-08-00176]\]. The JECFA and SCF committees established an ADI of 5 mg/kg·bw/day for Carminic Acid \[[@B20-foods-08-00176]\]. This dye is called by the FDA "cochineal extract" or "carmine" and is classified as exempt from certification. According to the FDA, it is used in food, drugs, and cosmetics \[[@B1-foods-08-00176]\]. Despite the absence of genotoxic or cytotoxic effects described for Carminic Acid, it has been related to anaphylactic reactions, asthma, urticaria, and angioedema \[[@B19-foods-08-00176],[@B21-foods-08-00176],[@B22-foods-08-00176],[@B23-foods-08-00176]\]. Furthermore, impairment in renal function has been demonstrated in male albino rats \[[@B24-foods-08-00176]\].Erythrosine (E-127) is a cherry-pink synthetic food colorant with a polyiodinated xanthene structure \[[@B25-foods-08-00176]\]. It is widely used to color children's sweets \[[@B26-foods-08-00176]\], as well as to determine the presence of dental plate in Odontology \[[@B27-foods-08-00176]\]. The ADI of Erythrosine was established by the JECFA and SCF in 0.1 mg/kg·bw/day \[[@B28-foods-08-00176]\]. Regarding the FDA, it allows the use of Erythrosine both for food and drugs \[[@B1-foods-08-00176]\]. Some studies suggested a relationship between Erythrosine consumption and altered cognition and behavior in children, which could be due to the inhibition of dopamine receptors \[[@B29-foods-08-00176]\]. Moreover, different studies suggested the induction of chromosome aberrations and an increase in the incidence of thyroid tumors by Erythrosine consumption \[[@B11-foods-08-00176],[@B30-foods-08-00176],[@B31-foods-08-00176]\].Indigotine (E-132) is one of the earliest known natural dyes. Originally, it was obtained from the leaves of the plants *Indigofera tinctoria*, *Indigofera suifruticosa*, and *Isatis tinctoria*, where it occurs as indican, a glycoside of indoxyl \[[@B32-foods-08-00176]\]. In 1975, the JECFA and SCF established an ADI of 5 mg/kg·bw/day for this blue additive \[[@B33-foods-08-00176]\]. Only a subacute toxicity study performed with adult male Swiss albino mice showed severe adverse effects of Indigotine on the testis \[[@B34-foods-08-00176]\].Brilliant Blue FCF (E-133) is a triarylmethane synthetic food coloring authorized as a food additive. In 2017, the JECFA revised the ADI to 6 mg/kg·bw/day for this blue additive \[[@B35-foods-08-00176]\]. Brilliant Blue FCF has recently been evaluated and approved as a cosmetic colorant by the Scientific Committee on Cosmetic Products (SCCP) \[[@B35-foods-08-00176]\]. Current databases show no adverse effects of Brilliant Blue FCF in any organism assayed for any biological test carried out \[[@B11-foods-08-00176],[@B36-foods-08-00176],[@B37-foods-08-00176],[@B38-foods-08-00176],[@B39-foods-08-00176]\].

Considering the available information about the toxicological effects of food coloring on health, our main goal was to evaluate the biological and nutritional effects that the mentioned additives have on time-related degenerative processes, as well as to add new scientific data. For that purpose, an integrative study of the biological activity at the individual, cellular, and molecular levels based on in vivo and in vitro assays was carried out using two model systems. The *Drosophila* animal model is known to have more than 75% of human disease homologous genes \[[@B40-foods-08-00176]\] related to different human degenerative illnesses, such as Parkinson's and Alzheimer's diseases, and allergic diseases, among others. For this reason, it is a reliable system to test toxicity, antitoxicity, longevity, and many other processes \[[@B41-foods-08-00176]\]. Moreover, using an in vitro model of human leukemia cells (HL-60), we studied the effect of this compound on cell growth inhibition, DNA damage (internucleosomal fragmentation as double-strand breaks leading to DNA laddering associated with the activation of the apoptotic pathway in cells), and the modulation of the methylation status. The purpose of the present study was to extend knowledge and provide new scientific data in this area for future clinical studies.

2. Materials and Methods {#sec2-foods-08-00176}
========================

2.1. Samples {#sec2dot1-foods-08-00176}
------------

Six different types of food coloring were selected for this study according to their high consume and abundance in the diet. A range of six concentrations were tested for each food coloring in order to better understand their biological activity at different endpoints in in vivo and in vitro assays.

The concentrations of the food colorings were established taking into account the average daily food intake of *Drosophila melanogaster* (1 mg/day) and the average body weight of *D. melanogaster* individuals (1 mg) \[[@B42-foods-08-00176]\]. The concentration range for all tested substances was calculated in order to make it comparable with their ADI in humans, as it summarized in [Table 1](#foods-08-00176-t001){ref-type="table"}.

2.2. In Vivo Assays {#sec2dot2-foods-08-00176}
-------------------

The value of using *Drosophila* to investigate fundamental biological processes is increasingly evident. This organism is revealing itself as an appropriate system as it is a complex multicellular organism in which many aspects of gene expression are parallel to those of humans. *Drosophila* substitute mammals in experiments with the distinct goal of uncovering insights directly relevant to human beings, because it is a model for many human diseases, including cancer and ageing \[[@B43-foods-08-00176],[@B44-foods-08-00176],[@B45-foods-08-00176]\].

In the present study, two *Drosophila* strains were used, each with a hair marker in the third chromosome: (i) *mwh*/*mwh*, carrying the recessive mutation *mwh* (multiple wing hairs) that in homozygosis produces multiple tricomas per cell instead of one per cell \[[@B46-foods-08-00176]\], and (ii) *flr^3^/In (3LR) TM3, rip^p^sep bx^34e^ e^s^ Bd^S^*, where the *flr^3^* (flare) marker is a homozygous recessive lethal mutation that produces deformed tricomas but is viable in homozygous somatic cells once larvae start development. All in vivo treatments were carried using the offspring of the reciprocal crosses of the two strains, to finally use the emerging trans-heterozygous individuals (*mwh·flr^+^/mwh^+^·flr^3^*) for the different toxicity, antitoxicity, and longevity assays \[[@B47-foods-08-00176]\].

### 2.2.1. Toxicity and Antitoxicity Assays {#sec2dot2dot1-foods-08-00176}

The survival percentages of treated *Drosophila* were determined in toxicity assays ((number of individuals born in each treatment group/number of individuals born in the negative control group) × 100). The antitoxicity tests consisted of combining treatments with food colorings at the same concentrations as in the toxicity assays with H~2~O~2~ at 0.12 M (Sigma; H1009) \[[@B48-foods-08-00176]\]. The negative controls were prepared with *Drosophila* Instant Medium (Formula 4-24, Carolina Biological Supply, Burlington, NC) and distilled water, and the positive controls with medium and H~2~O~2~.

Three independent experiments were carried out for each assay. Chi-square test in Microsoft Office Excel 2007 was used to determine if the tested compounds significantly affected fly survival, with respect to the control. In the toxicity assay, statistical chi-square values (*p* \< 0.05) for the different concentrations tested were obtained by comparing the effects of different concentrations with those of the negative control, whereas statistical chi-square values of antitoxicity assays were obtained by comparing the effects of the different concentrations with those of the positive control \[[@B49-foods-08-00176]\].

A wide range of researches are found on the effects of hydrogen peroxide: it can interact directly with DNA or modulate transcription and suppress genomic repair pathways; induce microsatellite instability in germ cells of *D. melanogaster* \[[@B50-foods-08-00176]\]; produce genetic damage due to the generated electrophilic compounds \[[@B51-foods-08-00176]\]. Also, it is well established that hydrogen peroxide is an endogenous mutagen responsible for some of the highest cancer risks associated with persistent inflammation \[[@B52-foods-08-00176],[@B53-foods-08-00176]\]. Oxy-radicals derived from hydrogen peroxide can act on the genome either directly, causing chromosome damage that induces oncogenic mutations \[[@B54-foods-08-00176],[@B55-foods-08-00176]\], or indirectly, by modulating gene transcription \[[@B56-foods-08-00176],[@B57-foods-08-00176]\] or by suppressing genome repair pathways \[[@B58-foods-08-00176],[@B59-foods-08-00176]\]. Moreover, a study of genotoxicity induced by hydrogen peroxide using the in vivo *Drosophila* assay \[[@B60-foods-08-00176]\] indicated that the oxidative agent is able to induce somatic mutations and mitotic recombination (concentrations ranged from 0.12 M to 0.48 M). The relative contribution of the recombinational events to the total clone induction was estimated by comparing the frequency of *mwh* spots on the marker wings with the frequency of *mwh* spots in the balancer wings, concluding that an average of 60% of clones showed a genetic recombinational origin.

### 2.2.2. Lifespan Assays {#sec2dot2dot2-foods-08-00176}

All experiments were carried out at 25 °C according to the procedure described in Tasset-Cuevas, et al. \[[@B61-foods-08-00176]\]. Sets of 25 individuals of the same gender were selected and placed into sterile vials containing 0.21 g of *Drosophila* Instant Medium and 1 mL of different concentrations of solutions of the food coloring to be tested. Two replicates were followed during the complete life extension for each control and concentration established. Alive animals were counted, and the respective nourishment renewed twice a week.

In order to know the quality of life of the treated *Drosophila* in the longevity trials, the upper 25% of lifespan survival curves was studied. This part of the lifespan is considered as the healthspan of a curve, characterized by low and more or less constant age-specific mortality rate values \[[@B62-foods-08-00176]\].

The statistical treatment of the survival data for each control and concentration was carried out with the SPSS Statistics 17.0 software (SPSS, Inc., Chicago, IL, USA), applying the Kaplan--Meier method to obtain the survival curves. The significance of the curves was determined using the Log-Rank method (Mantel-Cox).

2.3. In Vitro Assays {#sec2dot3-foods-08-00176}
--------------------

The in vitro model of human leukemia cells (HL-60) was used to study the effect of food coloring on growth inhibition of the tumor cells, DNA damage (internucleosomal fragmentation as double-strand breaks leading to DNA laddering associated with the activation of the apoptotic pathway), and modulation of DNA methylation status.

The promyelocytic human leukemia HL-60 cell line was grown in RPMI-1640 medium (Sigma, R5886) supplemented with heat-inactivated fetal bovine serum (Linus, S01805), L-glutamine at 200 mM (Sigma, G7513), and an antibiotic--antimycotic solution (Sigma, A5955). The cells were incubated at 37 °C in a humidified atmosphere with 5% CO~2~ \[[@B63-foods-08-00176]\]. The cultures were plated at 2.5 × 10^4^ cells/mL density in 10 mL culture bottles and passed every two days.

### 2.3.1. Cytotoxicity Assays {#sec2dot3dot1-foods-08-00176}

HL-60 cells were placed in 96-well culture plates (2 × 10^4^ cells/mL), cultured for 72 h, and supplemented with the food colorings at different concentrations. This allowed the assessment of a wide range of concentrations in the in vitro cytotoxicity assays, with the aim to predict acute in vivo lethality. Although a continuous evaluation of the cytotoxic effects was studied, only the results at 72 h allowed us to acquire more knowledge about the in vitro lethality of the tested food colorings at the different concentrations assayed, because the IC~50~ was reached for most of them at that time-point.

Cell viability was determined by the trypan blue dye exclusion test. Trypan blue (Sigma-Aldrich, St. Louis, MO, USA, T8154) was added to the cell cultures at a 1:1 volume ratio, and 20 μL of cell suspension was loaded into a Neubauer chamber. The cells were counted with an inverted microscope at 100× magnification (AE30/31, Motic). Curves were plotted as the average survival percentage of three independent experiments with respect to the control growing for 72 h.

### 2.3.2. Determination of DNA fragmentation {#sec2dot3dot2-foods-08-00176}

HL-60 cells (1 x 10^6^/mL) were treated with different concentrations of food coloring for 5 h.

The treated cells were collected and centrifuged at 3000 rpm for 5 min, and DNA was extracted according to the procedure described in Merinas-Amo, et al. \[[@B64-foods-08-00176]\]. Briefly, the cell pellet was resuspended in lysis buffer and incubated in an SDS 10% and proteinase K solution. DNA precipitation with NaCl and isopropanol was followed by washing with 70% ethanol DNA and incubation with RNAse overnight. For the negative control, RPMI was used as the cell medium; as a routine positive control, a concentration of 62.5 mg/mL of a lyophilized blond beer (LBB) was used \[[@B64-foods-08-00176]\].

DNA was quantified with a spectrophotometer (Nanodrop ND-1000), and 1200 ng of DNA was subjected to 2% agarose gel electrophoresis at 85 mA for 25 min, stained with GelRed, and visualized under UV light.

### 2.3.3. Methylation Status {#sec2dot3dot3-foods-08-00176}

Genomic DNA was isolated in the same way as described in the DNA fragmentation section. Bisulphite-modified DNA from food coloring treatments, using the EZ DNA Methylation-Gold Kit, was used as a template for fluorescence-based real-time quantitative Methylation-Specific PCR (qMSP). qMSP was carried out according to the protocol described by Merinas-Amo, et al. \[[@B65-foods-08-00176]\] in 48-well plates in a MiniOpticon Real-Time PCR System (MJ Mini Personal Thermal Cycler, Bio-Rad Laboratories Inc., Hercules, CA, USA) and was analyzed by the Bio-Rad CFX Manager 3.1 Software. Briefly, the final reaction mixture with a total volume of 10 µL consisted of: 2 µL of deionized water, 5 µM of each forward and reverse primer, 2 µL of iTaq™ Universal SYBR^®^ Green Supermix (Bio-Rad, containing antibody-mediated hot-start iTaq DNA polymerase, dNTPs, MgCl~2~, SYBR^®^ Green I dye, enhancers, stabilizers, and a blend of passive reference dyes including ROX and fluorescein), and 25 ng of bisulphite-converted genomic DNA. qMSP conditions were as follows: one step at 95 °C for 3 min, 45 cycles at 95 °C for 10 s, 60 °C for 15 s, 72 °C for 15 s, another step at 95 °C for 30 s, followed by a 65 °C step during 30 s and finally a boost step from 65 °C to 95 °C for 95 s, increasing the temperature of 0.5 °C each 0.05 s.

Repetitive elements were selected in order to analyze a wide range of human genomic DNA. While Alu and LINE sequences are interspersed throughout the genome, satellites are confined to the centromere areas \[[@B66-foods-08-00176],[@B67-foods-08-00176],[@B68-foods-08-00176],[@B69-foods-08-00176]\]. All sequences were obtained from Isogen Life Science. Alu M1, LINE-1, and Sat-α sequences were used (see [Table 2](#foods-08-00176-t002){ref-type="table"} for detailed information) \[[@B70-foods-08-00176]\].

The relative yield results were normalized with respect to the housekeeping sequence Alu C4 using the Nikolaidis, et al. \[[@B71-foods-08-00176]\] and Liloglou, et al. \[[@B72-foods-08-00176]\] comparative C~T~ method:-C~T~ of the target gene was normalized with respect to the referent gene (ΔC~T~).-ΔC~T~ of each experimental sample or reference (ΔC~T,r~) were compared with ΔC~T~ of the calibrator sample (ΔC~T,cb~), ΔΔC~T.~-The relative value of each sample was defined using the formula:

Each sample was analyzed in triplicate. One-way ANOVA and post hoc Tukey's tests were used to evaluate the differences among the tested compounds, repetitive elements, and concentrations.

3. Results {#sec3-foods-08-00176}
==========

3.1. In Vivo {#sec3dot1-foods-08-00176}
------------

### 3.1.1. Toxicity and Antitoxicity {#sec3dot1dot1-foods-08-00176}

[Figure 1](#foods-08-00176-f001){ref-type="fig"} shows the relative percentage of emerging adults after toxicity treatments with different concentrations of food colorings. Our results showed that Riboflavin and Indigotine were non-toxic at any assayed concentration. Tartrazine showed a significant dose-independent survival percentage at the assayed concentrations, being toxic at the fourth highest concentrations with respect to the control. Moreover, a significant survival rate compared with the control was shown for individuals treated with the red additives, except for the concentration numbered as 3, with a decreasing rate of *Drosophila* survival lower than 80%. Brilliant Blue FCF also showed a significant diminution of the survival of *Drosophila* at the two highest and the two lowest concentrations tested with respect to the control.

On the whole, any food coloring at any assayed concentration reached the lethal dose 50 (LD~50~), which is considered toxic. This fact confirms in the *Drosophila* in vivo eukaryotic model that the ADI (concentration numbered as 3) established by the JECFA for each food coloring is a safe dose \[[@B5-foods-08-00176],[@B10-foods-08-00176],[@B20-foods-08-00176],[@B28-foods-08-00176],[@B33-foods-08-00176],[@B35-foods-08-00176]\].

The antitoxicity results showed in [Figure 2](#foods-08-00176-f002){ref-type="fig"} revealed the ability of the blue additives to protect individuals against stress, although only at three-highest concentrations assayed. Furthermore, Tartrazine and Carminic Acid showed no significant effects in the combined treatments at any concentrations tested with respect to the positive control. On the other hand, extremes concentrations of Riboflavin and Erythrosine and the lowest concentration of Brilliant Blue FCF showed a toxic synergic effect when combined with the oxidative toxicant hydrogen peroxide in *Drosophila*.

The absence of a relationship between the toxicity and the antitoxicity results in Tartrazine, Carminic Acid, Erythrosine, and Brilliant Blue FCF could be due to the fact that each substance might exhibit antioxidant or prooxidant activities in a competitive manner against the effect of hydrogen peroxide when combined with it \[[@B73-foods-08-00176]\].

### 3.1.2. Lifespan {#sec3dot1dot2-foods-08-00176}

The entire lifespan curves obtained by the Kaplan--Meier method for each substance and concentration are shown in [Figure 3](#foods-08-00176-f003){ref-type="fig"}. Tartrazine and Brilliant Blue FCF induced a lifespan extension in *D. melanogaster* at the three highest concentrations tested and at the concentrations numbered 2 to 4, corresponding to 5--10 and 5--8 days, respectively, with respect to their control ([Table 3](#foods-08-00176-t003){ref-type="table"}). On the other hand, all concentrations of Carminic Acid and Erythrosine, except the lowest one, showed a significant decrease of longevity corresponding to 9--14 and 12--13 days, respectively, compared with their control, except for the lowest concentration ([Table 3](#foods-08-00176-t003){ref-type="table"}). With respect to Riboflavin and Indigotine, no significant effect on *Drosophila* longevity was observed at any assayed concentration.

The healthspan results (upper 25% portion of the lifespan curves) are shown in [Table 3](#foods-08-00176-t003){ref-type="table"}. Tartrazine induced a significant increase of healthspan in *D. melanogaster* when compared with the negative control, with the exception of the concentration numbered as 2, whose effect was similar to that of the control. The value of mean survival time of this additive ranged between 4 and 12 days. On the other hand, the highest concentration of Erythrosine assayed and the concentrations numbered 1 and 5 of Indigotine showed a significant reduction in the quality of life of *D. melanogaster* after 16 and 6 days, respectively. The remaining food colorings showed no significant differences in the mean value of healthspan of the treated flies with respect to their concurrent controls.

A non-visible dose--effect relationship has been shown by the different food colorings studied, suggesting a threshold level, rather than a degree of variation, in the significant cohorts. The data provided to the research community by the present study could be related to the controversial results observed in the database about food coloring \[[@B5-foods-08-00176],[@B10-foods-08-00176],[@B20-foods-08-00176],[@B28-foods-08-00176],[@B33-foods-08-00176],[@B35-foods-08-00176]\].

3.2. In Vitro {#sec3dot2-foods-08-00176}
-------------

### 3.2.1. Cytotoxicity {#sec3dot2dot1-foods-08-00176}

In general, the red and yellow additives showed a dose-dependent response, with an increase of the cytotoxicity level according to the increased concentration of the food coloring. All food colorings reached an inhibitory concentration 50 (IC~50~) between the concentration numbered as 5 and 6 in HL-60 cells, except for Riboflavin that was the only dye able to induce total death of the tumor cells at the concentration numbered as 5.

In relation to the blue additives, Indigotine showed a slight (51%) growth inhibition at the highest concentration tested. No inhibition was observed for Brilliant Blue FCF at any concentration tested, with respect to the control but, contrarily, a tendency to promote cell growth was observed. The concentration numbered as 4 and 5 were the closest to the established ADI for Brilliant Blue FCF; we found that, although their viability-promoting effect was higher than the corresponding effect of the control, it was nonetheless lower than the effect of the other concentrations tested for this food coloring suggesting, their low chemopreventive potential in tumor cells ([Figure 4](#foods-08-00176-f004){ref-type="fig"}).

### 3.2.2. DNA Fragmentation {#sec3dot2dot2-foods-08-00176}

[Figure 5](#foods-08-00176-f005){ref-type="fig"} shows electrophoresis experiments of the genomic DNA of HL-60 cells treated with different concentrations of food colorings. The results showed that the proapoptotic hallmark DNA internucleosomal fragmentation was only observed at the highest concentration of Riboflavin assayed. The rest of the food colorings assayed did not induce internucleosomal fragmentation.

### 3.2.3. Methylation Status {#sec3dot2dot3-foods-08-00176}

The relative normalized expression of three repetitive sequences (Alu M1, LINE-1, and Sat-α) studied in HL-60 cells treated with different concentrations of food colorings and RPMI as a control is shown in [Figure 6](#foods-08-00176-f006){ref-type="fig"}. The food colorings did not modulate the methylation status at the assayed concentrations. After one-way ANOVA and post-hoc Tukey's test, the statistical results showed a methylation level in the treated samples similar to that of the normalized control.

Despite of the non-significant results in the methylation status for any food coloring tested, Riboflavin exhibited a tendency to hypomethylate the genomic randomly distributed sequences of HL-60 cells (Alu M1 and LINE-1). Taking into account that methylation of repetitive sequences is considered a genomic protective mechanism \[[@B70-foods-08-00176],[@B74-foods-08-00176]\], this yellow additive could have inhibitory effects on tumor cells and could be an interesting chemopreventive compound.

4. Discussion {#sec4-foods-08-00176}
=============

4.1. In Vivo {#sec4dot1-foods-08-00176}
------------

According to the toxicity assay, none of the food colorings at any of the assayed concentrations reached the lethal dose 50 (LD~50~) in *D. melanogaster*, which is considered as the toxic level for any substance. Our results are in agreement with the wide variety of researches showing the absence of toxic effects for Riboflavin \[[@B75-foods-08-00176]\], Tartrazine \[[@B11-foods-08-00176]\], Carminic Acid \[[@B24-foods-08-00176]\], Indigotine \[[@B76-foods-08-00176],[@B77-foods-08-00176],[@B78-foods-08-00176]\], and Brilliant Blue FCF \[[@B36-foods-08-00176],[@B79-foods-08-00176],[@B80-foods-08-00176]\] in mice, rats, rabbits, and dogs models. On the other hand, statistically significant severe adverse effects on the testis were described in a subacute toxicity study (45 day) performed on adult male Swiss albino mice treated with oral doses of Indigo of 0, 17, and 39 mg/kg·bw/day \[[@B34-foods-08-00176]\]. No data were found about Erythrosine toxicity.

Regarding the protective effects of food colorings, no previous data about antioxidative effects were found. Taking into account the concentration corresponding to the equivalent ADI for humans (concentration numbered as 3), no significant results were obtained for any food coloring tested. This fact is in agreement with the results of Scotter and Castle \[[@B81-foods-08-00176]\], who suggested that, in general, the majority of color additives are unstable in combination with oxidizing and reducing agents in food. Moreover, since color depends on the existence of a conjugated unsaturated system within a dye molecule, any substance which modifies this system (e.g., oxidizing or reducing agents, sugars, acids, and salts) will affect the color \[[@B81-foods-08-00176]\].

To our knowledge, no previous studies assessing the effects on lifespan and healthspan have been published. Our results indicated that the highest concentrations of Tartrazine and medium quantities of Brilliant Blue FCF induced a significant life extension with respect to the controls, whereas both red food colorings showed significantly negative effects on the longevity of *Drosophila*. Furthermore, quality of life was only improved by Tartrazine and, even, it worsened at some concentrations of Erythrosine and Indigotine.

On the whole, a non-visible dose--effect relationship for the food colorings could be appreciated in the different assays. This could be explained by the possible differential responses of the organism against each substance and by the biological level at which it was acting.

4.2. In Vitro {#sec4dot2-foods-08-00176}
-------------

A dose-dependent cytotoxic effect was observed for the food colorings assayed in HL-60 cells, except for both types of blue dyes which did not reach the inhibitory concentration 50 (IC~50~) or even increased tumor cells' growth. Our results fit with those that demonstrated that Tartrazine, Carminic Acid, and Erythrosine did not have any potential to induce tumor cells' growth. The available carcinogenicity studies have demonstrated that Tartrazine does not induce benign or malignant neoplasia \[[@B82-foods-08-00176],[@B83-foods-08-00176]\]. Moreover, in a combined chronic toxicity/carcinogenicity study involving in utero exposure of Wistar rats to Carminic Acid, the general pattern of tumor incidence in the treated animals did not significantly differ statistically from those of the controls \[[@B84-foods-08-00176]\]. Besides, studies about Erythrosine treatments in mice \[[@B78-foods-08-00176]\], rats \[[@B85-foods-08-00176]\], and gerbils \[[@B86-foods-08-00176]\] showed no significant adverse effects of this food coloring. On the other hand, our Indigotine and Brilliant Blue FCF results are not in agreement with those of different researches that indicated no carcinogenetic and tumor potential of this food coloring: exposure of mice to Indigo did not demonstrate carcinogenic or toxic effects \[[@B77-foods-08-00176]\]; subcutaneous injections of 10 doses of Brilliant Blue FCF, 4 mg each, followed by 50 doses of 6 mg showed no tumor production after 78 weeks in mouse \[[@B35-foods-08-00176]\]. These controversial results may be due to differences in the organisms used, the cell line studied, or the range of concentrations tested. No data about Riboflavin cytotoxicity were found.

Effects on the DNA damage at the internucleosomal level in HL-60 cells did not appear in our study, with the exception of the highest concentration of Riboflavin. The Indigotine results are supported by in vitro studies using MCF-7 breast cancer cells \[[@B87-foods-08-00176]\] and the human colonic adenocarcinoma cell line (CaCo2 cells) \[[@B88-foods-08-00176]\], which demonstrated a lack of statistical significance in DNA damaging. Similar results were obtained in ddY male mice treated with Brilliant Blue FCF, showing not statistically significant increases in DNA damage in glandular stomach, colon, liver, kidney, urinary bladder, lung, brain, and bone marrow \[[@B11-foods-08-00176]\]. In contrast, our results for Tartrazine and Erythrosine are not in agreement with those of Sasaki, Kawaguchi, Kamaya, Ohshita, Kabasawa, Iwama, Taniguchi, and Tsuda \[[@B11-foods-08-00176]\] and Tsuda, et al. \[[@B89-foods-08-00176]\], who demonstrated the effect of Tartrazine on nuclear DNA electrophoretic migration in the mouse and the induction of DNA damage in the stomach at doses of 10 and 2000 mg/kg·bw without a dose--effect relationship, and a dose-related induction of DNA damage by Erythrosine in the glandular stomach, colon, and urinary bladder after oral administration of 100 mg/kg·bw and 2000 mg/kg·bw and in the lung following administration of 2000 mg/kg·bw in mice. To our knowledge, no previous results about the effects of Riboflavin and Carminic Acid on DNA damage were published.

Finally, no significant modification of the DNA methylation status was found compared with the control. This means that modifications of the DNA epigenome are not induced, which is in agreement with studies showing no chromosome aberrations upon Riboflavin \[[@B5-foods-08-00176]\], Tartrazine \[[@B90-foods-08-00176]\], and Erythrosine \[[@B91-foods-08-00176]\] treatments in Chinese hamster ovary cells, mice bone morrow cells, and Syrian Hamster Embryo, respectively.

To sum up, no beneficial effects of food coloring were shown in the different in vitro tests with tumor cells. These controversial data with respect to the current well-known data supporting the safe consumption of additives may be due to the variety of conditions used: cell line, in vitro conditions, range of concentrations, or even the tests conditions.

5. Conclusions {#sec5-foods-08-00176}
==============

Additives are found in many types of food, and we often consume them unknowingly; therefore, it is very important to study the biological consequences of using food coloring. Nowadays, people are becoming more aware of the possible danger of these additives that have no nutritional value.

Two model systems (in vivo and in vitro) were used to carry out the different screening tests. *D. melanogaster* is a well-known insect with a large scientific history in biological sciences that has highly contributed to understanding developmental biology, evolutionary concepts, and, recently, toxicology \[[@B92-foods-08-00176],[@B93-foods-08-00176],[@B94-foods-08-00176],[@B95-foods-08-00176],[@B96-foods-08-00176]\]. The unique characteristics that *Drosophila* possesses, such as a rapid and short life cycle (10--12 days at 25 °C), reliability, cost-efficiency, easy maintenance and manipulation, and consistent genetic similarity to humans, make this eukaryote an ideal model organism \[[@B40-foods-08-00176],[@B97-foods-08-00176]\]. On the other hand, the human model HL-60 cell line was originated from a female patient with acute myeloid leukemia \[[@B98-foods-08-00176]\]. The promyelocytic human leukemia cell line HL-60 is used worldwide for many toxicity and cancer scientific purposes \[[@B63-foods-08-00176]\].

In conclusion, and taking into account the concentration indicated as the equivalent ADI for humans, the in vivo toxicity assays showed safe effects for all food colorings, as shown by the fact that the LD~50~ was not achieved by any of the additives. Nevertheless, no significant differences were shown for any compound in the combined antitoxicity assays with respect to the controls, since they did not protect against oxidative damage by hydrogen peroxide. However, the longevity assays showed a differential behavior of the six food colorings, being Tartrazine and Brilliant Blue FCF the only colorants that significantly improved the longevity of *Drosophila*, whereas the red additives reduced significantly the lifespan of *Drosophila*. On the other hand, the in vitro results demonstrated that, despite the dose-dependent cytotoxic effects shown by the yellow and red additives, none of them reached the IC~50~ at their ADI concentration. Moreover, red and blue food colorings induced an increasing of tumor cell growth. Besides, no DNA damage was observed by the internucleosomal fragmentation apoptotic assay, and no methylation status modification was found for any food coloring. To our knowledge, this is the first time that an integrative study with a wide range of in vivo and in vitro screening tests has been carried out in the model systems *D. melanogaster* and HL-60 tumor cells with food colorings. Several checkpoints to evaluate the biological activity of such important food additives have been established at the molecular (DNA internucleosomal proapoptotic clastogenicity and epigenetic status), unicellular (cytotoxicity), and individual (toxicity, antitoxicity, and longevity) levels. Although more scientific researches are needed to understand the effects that these highly consumed additives could have on our health, these results represent the first step and may encourage additional studies.

On the whole and despite the safe use suggested by the different assays carried out with food colorings, the overall results would support the idea that a high chronic intake of these additives throughout the entire life is not advisable, and more research on the biological effects that different concentrations of food colorings could have in model systems is warranted.
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![Toxicity levels of food coloring in *Drosophila melanogaster*. Data are expressed as percentage of surviving adults with respect to 300 untreated 72 h-old larvae from three independent experiments treated with different concentrations of food colorings. Values represent the mean ± SE from three independent experiments. \* Indicates significant differences with respect to the control. 1-- 6 numbers indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}).](foods-08-00176-g001){#foods-08-00176-f001}

![Antitoxicity levels of food coloring in *D. melanogaster*. Data are expressed as percentage of surviving adults with respect to 300 untreated 72 h-old larvae from three independent experiments treated with different concentrations of food colorings combined with 0.12 M H~2~O~2~. Values represent the mean ± SE from three independent experiments. \* Indicates significant differences with respect to the positive control. 1--6 numbers indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}).](foods-08-00176-g002){#foods-08-00176-f002}

![Complete survival curves of *D. melanogaster* fed with different concentrations of food colorings. The numbers 1--6 indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}). Curves were obtained by the Kaplan--Meier method, and significance was determined by the Log-Rank method (Mantel-cox).](foods-08-00176-g003){#foods-08-00176-f003}

![Effect of food coloring on HL-60 cells viability. Viability of the promyelocytic human leukemia cells (HL-60) treated with different concentrations of food colorings for 72 h. Each point represents the growing percentage with respect to its control. Values represent the mean ± SE from three independent experiment. Numbers 1--6 indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}).](foods-08-00176-g004){#foods-08-00176-f004}

![Internucleosomal DNA fragmentation in HL-60 cells. DNA-induced damage in promyelocytic HL-60 cells treated for 5 h with different concentrations of food colorings. M indicates the DNA size marker; NC indicates negative control treatment (RPMI); PC indicates positive control treatment (LBB). Numbers 1--6 indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}).](foods-08-00176-g005){#foods-08-00176-f005}

![Methylation status of food colorings in HL-60 cells. Relative normalized expression data of each repetitive element (Alu M1, LINE-1, and Sat-α). Values represent the mean ± SE from three independent experiments. Untreated cells grown in RPMI were used as a control.](foods-08-00176-g006){#foods-08-00176-f006}

foods-08-00176-t001_Table 1

###### 

Food coloring information.

  Food Coloring   ADI (Mg/Kg)          Tested Concentrations in *Drosophila* (mg/mL) \*                                                     
  --------------- -------------------- -------------------------------------------------- ----------- ---------- --------- -------- ------- ------
  E-101           Riboflavin           0.5                                                0.0000025   0.000025   0.00025   0.0025   0.025   0.25
  E-102           Tartrazine           7.5                                                0.0000375   0.000375   0.00375   0.0375   0.375   3.75
  E-120           Carminic Acid        5                                                  0.000025    0.00025    0.0025    0.025    0.25    2.5
  E-127           Erythrosine          0.1                                                0.0000005   0.000005   0.00005   0.0005   0.005   0.05
  E-132           Indigotine           5                                                  0.000025    0.00025    0.0025    0.025    0.25    2.5
  E-133           Brilliant Blue FCF   6                                                  0.0000005   0.000005   0.00005   0.0005   0.005   0.05

\* numbers 1 to 6 represent the value, in mg/mL, of the different dilutions assayed in the in vivo and in vitro assays for each food coloring; the concentration corresponding to number 3 is the equivalent quantity of ADI in humans.

foods-08-00176-t002_Table 2

###### 

Primers information.

  Reaction ID   GenBank Number       Amplicon Start   Amplicon End   Forward Primer Sequence 5' to 3' (N)        Reverse Primer Sequence 5' to 3' (N)     GC Content (%)   
  ------------- -------------------- ---------------- -------------- ------------------------------------------- ---------------------------------------- ---------------- ------
  Alu C4        Consensus Sequence   1                98             GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA (36)   ATTAACTAAACTAATCTTAAACTCCTAACCTCA (33)   25               27.3
  Alu M1        Y07755               5059             5164           ATTATGTTAGTTAGGATGGTTTCGATTTT (29)          CAATCGACCGAACGCGA (17)                   27.6             58.8
  LINE-1        X52235               251              331            GGACGTATTTGGAAAATCGGG (21)                  AATCTCGCGATACGCCGTT (19)                 47.6             52.6
  Sat-α         M38468               139              260            TGATGGAGTATTTTTAAAATATACGTTTTGTAGT (34)     AATTCTAAAAATATTCCTCTTCAATTACGTAAA (33)   23.5             21.2

Source: Weisenberger, Campan, Long, Kim, Woods, Fiala, Ehrlich and Laird \[[@B70-foods-08-00176]\].

foods-08-00176-t003_Table 3

###### 

Mean and significances of lifespan and healthspan curves.

  Food coloring        Concentration   Mean Lifespan ^1^ (days)   Mean Healthspan ^1^ (days)            
  -------------------- --------------- -------------------------- ---------------------------- -------- --
  Riboflavin           Control         55.985                                                  31.399   
  1                    55.019          ns                         27.607                       ns       
  2                    55.864          ns                         29.110                       ns       
  3                    52.534          ns                         29.966                       ns       
  4                    57.067          ns                         32.714                       ns       
  5                    53.341          ns                         25.500                       ns       
  6                    52.660          ns                         27.222                       ns       
  Tartrazine           Control         54.375                                                  31.399   
  1                    57.664          ns                         36.154                       \*       
  2                    54.037          ns                         32.681                       ns       
  3                    64.618          \*                         43.571                       \*       
  4                    63.860          \*                         35.760                       \*       
  5                    59.989          \*                         37.252                       \*       
  Carminic Acid        Control         62.345                                                  38.509   
  1                    44.958          \*                         35.630                       ns       
  2                    43.215          \*                         29.000                       ns       
  3                    45.515          \*                         37.067                       ns       
  4                    46.998          \*                         39.320                       ns       
  5                    48.211          \*                         40.000                       ns       
  6                    44.236          \*                         30.530                       ns       
  Erythrosine          Control         62.345                                                  38.015   
  1                    55.487          ns                         27.614                       ns       
  2                    49.589          \*                         34.276                       ns       
  3                    49.847          \*                         35.051                       ns       
  4                    50.011          \*                         43.333                       ns       
  5                    50.214          \*                         22.501                       \*       
  Indigotine           Control         58.433                                                  32.988   
  1                    57.791          ns                         27.019                       \*       
  2                    61.547          ns                         29.182                       ns       
  3                    61.181          ns                         33.857                       ns       
  4                    57.067          ns                         32.714                       ns       
  5                    52.024          ns                         27.189                       \*       
  6                    57.570          ns                         31.068                       ns       
  Brilliant Blue FCF   Control         57.526                                                  32.988   
  1                    58.686          ns                         34.333                       ns       
  2                    63.513          \*                         31.286                       ns       
  3                    62.664          \*                         33.000                       ns       
  4                    65.095          \*                         32.877                       ns       
  5                    61.074          ns                         30.800                       ns       
  6                    62.466          ns                         31.984                       ns       

Means were calculated by the Kaplan--Meier method, and significance of the curves was determined by the Log-Rank method (Mantel-Cox). ^1^ ns: non-significant, \* significant (*p* \< 0.05); numbers 1--6 indicate the different dilutions tested (see [Table 1](#foods-08-00176-t001){ref-type="table"}).
